Abstract. Vibration-assisted machining offers a solution to expanding needs for improved machining, especially where accuracy and precision are of importance, such as in micromachining of single crystals of metals and alloys. Crystallographic anisotropy plays a crucial role in determining on overall response to machining. In this study, we intend to address the matter of ultra-precision machining of material at the micron scale using computational modelling. A hybrid modelling approach is implemented that combines two discrete schemes: smoothed particle hydrodynamics and continuum finite elements. The model is implemented in a commercial software ABAQUS/Explicit employing a user-defined subroutine (VUMAT) and used to elucidate the effect of crystallographic anisotropy on a response of face centred cubic (f.c.c.) metals to machining.
Introduction
Vibration-assisted machining (VAM) combines precision machining with small-amplitude tool vibration to improve the machining process, while in conventional machining a tool generally moves towards the workpiece with a constant velocity. VAM can potentially offer improved machinability for difficult-to-cut materials [1] . Single crystals are extensively used in the production of electric, piezoelectric, semiconductors, magnetic and optical components for high-performance systems such as transducers, resonators, actuators and sensors [2] . A cutting force is one of the critical governing parameters defining efficiency of the machining process. In micro-machining, a tool-workpiece interaction occurs within either a single grain of the workpiece material or a few grains. Thus, crystallographic orientation of the workpiece material significantly influences the machining characteristics. The vibro-impact interaction between the tool and workpiece in VAM during the chip formation leads to a dynamically changing cutting force in the process zone [3] [4] [5] . In the last few decades, the finite element (FE) technique has been extensively used to gain insight into the underlying mechanisms that drive a plastic response in high-deformation problems. Smooth Particle Hydrodynamics (SPH) [6, 7] has several advantages compared to FE approaches, especially in the study of large-deformation processes. In this study, we intend to address the matter of ultra-precision machining of a material at the micron scale using computational modelling. A hybrid modelling approach is suggested for ultrasonically assisted-micro machining of crystalline materials that combines two discrete schemes: smoothed particle hydrodynamics and continuum finite elements. The model is implemented in a commercial software ABAQUS/Explicit using a user-defined subroutine (VUMAT) and used to elucidate the effect of crystallographic anisotropy on a response of face centred cubic (f.c.c.) metals to machining. The current model enables us to study the influence of crystal orientation on the process variables. 
Crystal plasticity
The crystal-plasticity (CP) framework used for description of a deformation behaviour of a singlecrystal of copper is summarized below. The evolution of plastic strain rate is related to the slipping rate α γ in a slip systemα :
where N is the total number of available slip systems, α µ ij is the Schmid tensor and equals to a dyadic product of the slip direction 
Here, o γ is the reference strain rate, 
The hardening moduli αβ h in (3) are evaluated using the hardening model as follows: Table 1 , where each slip system assumed to have the same values of plastic parameters. FE domain (Figure 1 ). The continuum domain was meshed with eight-node brick elements with reduced integration (C3D8R) while the PC3D element type was used to represent the SPH area. In the continuum FE domain, a mesh with a minimum element size of 1.25 µm was sufficient to characterize accurately the machining process. A fixed boundary condition was imposed on the bottom and lefthand face of the workpiece. A cutting tool was modelled as a rigid body; its rake angle was 0° and a clearance angle 5º. A depth of cut was set at 5 µm, and the tool moved in the negative x direction. The constant cutting speed of 1200 m/s was used in our simulation for conventional machining, and a varation of velocity with time in vibration-assisted machining is shown in Figure 2 . The workpiece was modelled as a deformable body. A frictionless condition was used to model the interaction between the tool and the workpiece. The crystal-plasticity model was implemented in a FE software package ABAQUS/Explicit using the user-defined material subroutine VUMAT. 
Results and discussion
The 3D finite-element model developed allows us to calculate the effect of cutting direction and crystallographic orientation on the cutting forces. To study it, two cutting directions for two crystal orientations were chosen. In our analysis, a planar configuration was used, in which the tool cuts along The cutting force for vibration-assisted machining and convention machining is shown in Figure 4 for 0° direction for two crystal's orientation planes. In simulations of conventional machining of the crystalline workpiece the force acting on the cutting tool remains practically unchanged, as expected, whilst in vibration-assisted machining the force changes in each cycle. The cutting force grows steadily from the moment of the first contact between the vibrating tool and formed chip until it reaches the maximum level at the point of maximum penetration. The force magnitude then starts to The averaged value of cutting force over the vibration cycle in vibration assisted machining model for each crystalline plane was calculated. For the (100) plane, the cutting-force reduction from the level of the conventional machining is 35% and for the (101) plane it reaches 42%. This reduction in the cutting force would result in the increases in the tool life, improved surface finish and roundness of machined workpieces, it can also allow for a potential increase in the material removal rate [9] .
Conclusion
In the present work, a 3D hybrid finite-element model of micro-machining of single-crystal copper was developed for vibration-assisted machining and conventional machining to study the level of cutting forces for machining in different orientations. The described model is a viable and numerically robust way for solving large-deformation problems. A noticeable decline in the average cutting forces was obtained for vibration-assisted machining in comparison to the conventional technique. This reduction is valid for different crystalline orientations.
